ABBREVIATIONS
Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental disorder (estimated worldwidepooled prevalence >5% in children and 2.5% in adults, with a higher prevalence in males), characterized by impairing levels of inattention, impulsivity, and/or hyperactivity. 1 ADHD is frequently accompanied by comorbid disorders such as oppositional defiant disorder and conduct disorder. 1 At the neuropsychological level, children with ADHD, as a group, are known to perform worse than their typically developing peers in measures of reaction time variability, intelligence/achievement, vigilance, working memory, and response inhibition. 2 Although the management of ADHD is multimodal, including pharmacological and non-pharmacological strategies, psychostimulants (methylphenidate in particular) are usually considered as first-line treatment.
Neuroimaging studies have intended to characterize the structural and functional brain correlates of ADHD and have explored the diagnostic utility of neuroimaging-based markers. In this review, we aim to summarize the most relevant findings, from the last 10 years in structural and functional neuroimaging in individuals with ADHD.
Structural brain imaging in ADHD
Magnetic resonance imaging (MRI) allows high quality anatomical images of the brain to be produced non-invasively and in vivo. MRI differentiates between grey matter, white matter, and cerebrospinal fluid, contributing to the mapping and characterization (volume, surface area, cortical thickness, gyrification) of cortical and subcortical structures.
Volumetric findings
Six meta-analyses of MRI volumetric studies in ADHD have been published, estimating differences in total brain volume, the volume of different tissue types (grey and white matter), and the volume of regional structures, in individuals with ADHD versus population norms. [3] [4] [5] [6] [7] [8] Valera et al. 3 and Hutchinson et al. 4 based their analysis on a region-of-interest approach, while other meta-analyses pooled whole brain voxel-based morphometry studies in order to overcome the potential bias of region selection. Overall, reduced total/whole brain and grey matter volume is a consistent finding in individuals with ADHD compared to controls. 3, 6, 9, 10 Global white matter volume results are less conclusive as reductions have been demonstrated in children and adolescents with ADHD in some studies, 3 but other studies have failed to show betweengroup differences, 9 or have shown significantly increased white matter volumes in the ADHD group. 11 Abnormal grey matter volumes have been observed for the total cortical volume, in prefrontal and other frontal areas, as well as in the occipital and parietal lobes. 3, 6, 8, 12, 13 Special attention has been paid to subcortical brain volume differences in ADHD, as the most consistent finding across studies is reduced volumes of (parts of) the basal ganglia in children and adults with ADHD compared to controls. 3, [5] [6] [7] [8] Specifically, the differences involve the right lentiform nucleus (putamen and globus pallidus) and the caudate nucleus. In the largest data set to date, including 1713 participants with ADHD and 1529 controls aged 4 to 63 years, Hoogman et al. 10 found significantly smaller volumes for the accumbens, amygdala, caudate, hippocampus, and putamen bilaterally in the ADHD group, although effect sizes were small (ranging from d=-0.19 to À0.10). The largest effect size was found in the amygdala (d=À0. 19) , which could provide a link with emotional regulation difficulties in ADHD.
Thus, there is evidence that ADHD is associated with reduced total and regional volumes, most consistently in subcortical structures, and some authors have investigated the precise morphological contributions (cortical thickness, surface area, gyrification) to these volumetric abnormalities.
Surface-based measures
Cortical volume is defined as the product of cortical thickness and surface area, which are driven by different biological mechanisms. Cortical thickness represents the distance between the grey/white matter boundary and the pial surface and is determined by the number of cells within a column. On the other hand, surface area is defined as the area of white matter surface, which is primarily driven by the number of radial columns. Surface area and cortical thickness have been associated with gyrification, which represents the folding characteristics of the cerebral cortex and is linked with brain connectivity. 14, 15 Studies have shown cortical thickness differences between participants with ADHD and controls across the whole brain, and in particular, a cortical thinning in frontal, prefrontal, parietal, temporoparietal, and occipital regions in children and adults with ADHD. 11, 12, 16, 17 Nevertheless, other studies have failed to show between-group differences in cortical thickness. 13, 18 Additionally, Almeida Montes et al. 19 found an increased cortical thickness, predominantly in the occipital lobe, in a group of children and adolescents with ADHD.
Reduced surface area has also been shown across the whole brain in groups with ADHD, with the largest group differences observed in prefrontal, frontal, parietal, temporal, and left occipital lobes. 12, 13, 18, 20 Results have been less unequivocal regarding surface shape measures, such as gyrification (a marker of folding) or intrinsic curvature (intrinsic deformation of the surface). Gyrification abnormalities in the left medial temporal lobe and a significant decrease in cortical folding bilaterally, but particularly in the right frontal lobe, have been reported in two studies. 18, 21 Recent and larger studies have not evidenced significant differences between controls and participants with ADHD regarding gyrification or intrinsic curvature. 20, 22 Forde et al. 22 suggested that the inconsistency in results between studies was associated with methodological differences in the choice of morphological parameters. These negative findings suggest that developmental cortical abnormalities are not related to underlying differences in differential expansion. 22 Studies assessing different cortical markers simultaneously (surface area, cortical thickness, gyrification, volume) have allowed the disentangling of the relative morphological contributions to reduced volumes. Silk et al. 12 found that both surface area and cortical thickness made a significant contribution to determining volume differences observed in ADHD, and this contribution was regiondependent. In particular, the surface area of the precuneus was a major driver of volume differences. In a recently published article, Ambrosino et al. 13 suggested that cortical volume reductions were primarily driven by decreases in surface area rather than the thinning of the cortex.
Overall, recent literature has shown volumetric and brain surface differences between individuals with ADHD and typically developing individuals, which is evidence of complex structural abnormalities in ADHD.
Diffusion tensor imaging of white matter structure
Abnormalities in the integrity of white matter tracts suggest that structural deficits in ADHD also concern structural interconnectivity between regions. Diffusion tensor imaging (DTI) allows the quantitative characterization of white matter fibre integrity, based on water molecule diffusion in brain tissue. 23 Fractional anisotropy is the most commonly reported DTI-derived index in the literature, used to characterize the geometrical properties of the diffusion tensor. Variations in fractional anisotropy have been associated with different factors, including myelination, axonal density, and fibre organization and integrity. There are different analytic approaches to extracting and comparing DTI-derived indices between groups, at a specific anatomical region (region of interest analysis) or at a whole-brain level (voxel-based analysis, tract-based spatial statistics).
Over the last few years, the number of DTI studies in ADHD has progressively increased and three major metaanalyses have synthetized their results. [24] [25] [26] The most recent meta-analysis by Aoki et al. 26 was performed separately in 14 voxel-based analysis and 13 tract-based spatial statistics studies. The voxel-based meta-analysis reported both increased and decreased fractional anisotropy in participants with ADHD in six clusters including the cingulum, the corpus callosum, and the left inferior fronto-occipital fasciculus, while tract-based spatial statistics studies showed lower fractional anisotropy in ADHD What this paper adds
• In attention-deficit/hyperactivity disorder (ADHD), the brain is characterized by abnormal neural network interplay.
• Structural and functional cerebral abnormalities in ADHD are intercorrelated.
• Currently there is no neural biomarker that can be used in diagnosis.
• Longitudinal studies have shed light on the brain correlates of ADHD over the lifespan.
• The effects of stimulant intake on the brain correlates of ADHD remain unclear.
versus typically developing participants in the isthmus and the posterior midbody of the corpus callosum, the right inferior fronto-occipital fasciculus, the left inferior longitudinal fasciculus, and the right superior longitudinal fasciculus. In sum, both increased and decreased fractional anisotropy in multiple white matter tracks have been demonstrated in ADHD studies, with atypical interhemispheric connection by the corpus callosum being the most common finding.
Additionally, recent tractography studies, which attempt to reconstruct white matter pathways from DTI data, have shown altered prefrontal and striatal connections 27 and reduced frontal-accumbal white matter connectivity 28 in children with ADHD compared with typically developing children.
Functional imaging in ADHD
Neural function in ADHD has been studied using haemodynamic techniques (functional MRI, functional near-infrared spectroscopy, positron emission tomography [PET], single-photon emission computed tomography [SPECT]) and magnetoencephalography.
Haemodynamic measures
The earliest ADHD neuroimaging studies used SPECT and PET, which provide metabolic and functional information. PET and SPECT studies in ADHD have focused on the neurotransmitter dopamine, as dysfunction of the dopaminergic system plays an important role in the pathophysiology of the disorder 29 and the striatal dopamine transporter is the main target of stimulant medication. This focus on striatal dopamine has been reinforced by structural and functional imaging findings of striatal abnormalities. 10, 30 A meta-analysis of nine PET and SPECT studies 31 revealed a 14% higher dopamine transporter density in the ADHD group compared to the control group in the whole striatum. Nevertheless, striatal dopamine transporter density in ADHD was associated with previous psychostimulant exposure, with a lower density in drug-na€ ıve individuals and higher density in previously medicated patients. This suggests that high dopamine transporter density is not a characteristic of the overall ADHD population, but the consequence of previous treatment with stimulants.
Functional MRI presents a number of advantages for functional studies over both SPECT and PET (e.g. noninvasive and no exposure to radiation). It is sensitive to changes in blood oxygenation level-dependent contrast, which provides an indirect measure of neuronal activity. Recently published meta-analyses of task-based functional MRI studies have evidenced domain-specific brain dysfunctions in ADHD. During motor response (Stop Signal Task, go/no-go), interference inhibition (Stroop, Simon, and Eriksen flanker tasks), and switching tasks, meta-analyses have predominantly shown reduced activity bilaterally in a frontobasal ganglia network, as well as in occipital, parietal, and temporal areas in the ADHD group compared to controls. Structures frequently implicated include the inferior frontal and superior frontal gyri, the supplementary motor area, and the basal ganglia. 30, [32] [33] [34] Increased activity has been observed in regions constituting the default mode network (DMN), 30, 32, 35 whose activation is normally reduced during tasks and increased during resting-state in typically developing participants. 36 Multivariate pattern recognition analysis of inhibition networks based on task-based functional MRI was proposed as a potential complementary diagnostic tool for ADHD. 37 Nevertheless, meta-analyses and individual studies have also reported increased inhibition-related activity in regions typically showing a reduced activation in ADHD during inhibition tasks, such as the inferior frontal gyrus, 30, 38 suggesting that response-inhibition related activity in children with ADHD cannot at this time be considered as a systematic biomarker for ADHD.
Regarding working memory, meta-analyses have shown evidence of reduced activity in the ADHD group in bilateral frontal and frontoparietal areas, and the insula. 32, 34 During attentional tasks, studies have shown reduced activation in the right prefrontal cortex, posterior basal ganglia, and thalamic and parietal regions, and increased activation in the cerebellum and the precuneus in individuals with ADHD relative to controls. 32, 33 Studies on reward processing in ADHD have reported a ventral striatal hypo-responsiveness during reward anticipation in individuals with ADHD compared to controls. 39 Finally, a meta-analysis of functional MRI studies of timing reported reduced activation in typical areas supporting timing such as the left inferior prefrontal cortex/insula, the cerebellum, and the left inferior parietal lobe, in ADHD and increased activation in the precuneus and the posterior cingulate, probably reflecting poor deactivation of the DMN. 40 In fact, task-related DMN deactivation has been shown to be attenuated in individuals with ADHD compared to controls, which is associated with poorer performance.
Complementing task-based functional MRI, resting state functional MRI allows the investigation of the functional organization of brain networks. In ADHD, resting state functional MRI studies have mainly focused on the interplay of default, cognitive control, and attention networks, highlighting that anomalies are not restricted to discrete brain regions, but rather distributed over neural networks. Recent reviews have demonstrated a decreased synchrony between the anterior and posterior nodes of the DMN and reduced or absent anticorrelations between the DMN and cognitive control (frontoparietal) and attention (dorsal, ventral, salience) networks in ADHD. 41, 42 Abnormalities in functional connectivity of reward-related and amygdalarelated circuits have also been observed. [42] [43] [44] [45] Functional near-infrared spectroscopy, which measures changes in the concentration of oxygenated and deoxygenated haemoglobin, is less sensitive to movement artefacts, which makes it particularly advantageous for the study of individuals with ADHD. In a recent review, 46 most of the studies reported an atypical pattern of oxygenated haemoglobin more prominently in the right hemisphere during the execution of inhibition, attentional control, verbal fluency, facial expression recognition, and affective prosody processing tasks in children with ADHD. Hypoactivation was particularly found in right frontal regions, but also in the temporal and parietal cortices in these children and in bilateral frontal regions in adults. 46 
Magnetoencephalography measurements
Magnetoencephalography, which measures the magnetic field generated by the electrical activity of neurons, has scarcely been used in the study of ADHD. During rest, studies have evidenced a higher hyperconnectivity in individuals with ADHD compared to controls in frontal and central regions in children, 47 and a hyperconnectivity and hypoconnectivity between different regions of the DMN in adults with ADHD. 48 In a multimodal magnetoencephalography and functional MRI study, adult inattention persisting since childhood was associated with an atypical balance of connectivity within the DMN and between the DMN and task-positive networks, while remission from childhood ADHD was associated with typical functional connectivity. 49 During an auditory attention task in adults, Heinrichs-Graham et al. 50 found a neuronal hyperconnectivity in the high frequency range between auditory and prefrontal regions in the ADHD group.
Relationship between structural and functional neuroimaging findings in ADHD
Studies have evidenced structural, functional, and connectivity differences between ADHD participants and controls, which seem to be intercorrelated (Fig. S1 , online supporting information). Additionally, some neuroimaging studies have evidenced an association between these abnormalities and symptoms of inattention or hyperactivity/impulsivity, thus linking the clinical presentation and the neural correlates of ADHD. 51, 52 ADHD has been associated with functional abnormalities in frontal striato-thalamic and fronto-parietocerebellar regions, 30, [32] [33] [34] translated into attention and executive function deficits (especially working memory and inhibition) and reflected in structural abnormalities in brain regions hypothesized to underlie these functions. 10 For instance, in a multimodal voxel-based morphometry and functional MRI meta-analysis, 8 an overlapping cluster in the right putamen/anterior insula showed both decreased grey matter volume and reduced inhibition-related activation in individuals with ADHD relative to controls, highlighting the idea that abnormal grey matter volume in the basal ganglia is related to abnormal inhibitory function. Moreover, the involvement of the corpus callosum in the pathophysiology of ADHD highlighted in DTI studies has also been demonstrated in volumetric and functional studies.
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The effect of age in interpreting brain abnormalities
The effect of age is crucial in the interpretation of brain abnormalities in ADHD. In terms of structure, volumetric alterations have been portrayed as a maturation delay. Studies have shown that with increasing age, volumetric differences between participants with ADHD and controls tend to decrease or are no longer significant in adults, and that peak volumes are attained at an older age in the ADHD group. 6, 7, 9, 10 Regarding cortical thickness, longitudinal studies have shown a similar temporal sequence of cortical maturation in ADHD and control groups, but ADHD groups have shown developmental delay in attaining peak cortical thickness, with delay most prominent in the lateral prefrontal cortex. 16 Nevertheless, cross-sectional studies have demonstrated abnormalities also in adults, providing support for the persistence of abnormalities in adulthood. 17, 54 Concerning surface area, Shaw et al. 20 revealed a delay in the maturation of the cortical surface area, most prominently in the right prefrontal gyrus. Nevertheless, no diagnostic differences in the developmental trajectories of cortical gyrification were found. 20 In ventral striatal surfaces, Shaw et al. 55 demonstrated significant differences in developmental trajectories between groups, with controls showing an expansion and individuals with ADHD a progressive contraction of the surface area in this region. In terms of white matter microstructure, Chen et al. 25 found that decreased fractional anisotropy in the splenium of the corpus callosum was negatively associated with the mean age of individuals with ADHD, suggesting an effect of age on the development of white matter microstructure in this group. Regarding brain function, separate analyses for adult and child subgroups have shown different patterns of inhibition-related activity when comparing participants with ADHD and control participants, with more pronounced basal ganglia alterations in children with ADHD and more pronounced frontocortical deficits in adults with ADHD. 30, 33, 34 These functional MRI results are consistent with structural meta-analyses showing abnormalities in the basal ganglia more prominently in children. 7, 10 Overall, more longitudinal studies are necessary to characterize the development of the brain in ADHD.
Participant characteristics and methodological considerations
The effect of sex, comorbidities, medication history, and symptom presentation Regarding medication history, two meta-analyses of structural MRI studies 6, 7 examined the effect of stimulant use on brain volume, which is an issue of concern in clinical practice. Results showed that treatment was associated with smaller differences between individuals with ADHD and population norms, based on the percentage of participants treated. 6, 7 Nevertheless, more recent literature has not confirmed this association and, therefore, does not support a normalizing effect of medication. [8] [9] [10] At the functional level, medication has shown potential normalization effects on neural function underlying inhibition, attention, and timing functions, 8, 33, 34, 37, 56 and less conclusive results for working memory, 34, 56 and seems to attenuate betweengroup differences in functional connectivity. 57 MRI studies have mostly compared brain structure and function between medicated and medication-na€ ıve patients with ADHD in a cross-sectional manner, since prospective longitudinal studies of long-term stimulant effect would require withholding medication from some children, which poses ethical concerns. In this context, recent studies have been performed in animals. A recent longitudinal study in rodents confirmed the link between long-term stimulant treatment and striatal hypertrophy, which sheds light on the potential long-term effects of stimulants in ADHD. 58 Regarding sex, because of the higher prevalence of ADHD in males (male to female approximate prevalence ratio of 2:1), 1 females are usually underrepresented in studies, which hinders the study of the effects of sex on brain alterations in ADHD. While some studies have shown differences between ADHD in males and females in terms of brain volume (corpus callosum, caudate, anterior cingulate cortex), 4, 59, 60 working memory and inhibition related activity, 34, 61 and white matter microstructure, 62 pointing to distinct neurobiological deficits underlying ADHD in both sexes, other structural and functional studies have failed to demonstrate an effect of sex. 9, 10, 63 Some studies have investigated the effect of symptom presentation and comorbidities (especially oppositional defiant disorder and conduct disorder) 8, 10, 64, 65 in order to determine disorder specific abnormalities, but more studies are required to elicit clear-cut conclusions.
Head motion
Head motion is a well-known confounding factor in functional and structural neuroimaging ADHD studies, particularly in resting state functional MRI studies, which lack a known temporal task structure. It is a common practice to discard scans exhibiting gross motion. Nevertheless, this practice is likely to introduce a sampling bias as head motion is associated with clinical traits such as impulsivity and may be an important variable in itself. Not applying head motion correction increases the likelihood of false positives. 66 For instance, Aoki et al. 26 noted that most earlier DTI studies in ADHD failed to control for potential between-group differences in head motion and that most of the studies reporting no differences in head motion showed no significant results. This makes it necessary to consider fractional anisotropy results in ADHD with caution.
CONCLUSION
Overall, neuroimaging studies have shown interrelated structural and functional abnormalities in children and adults with ADHD. Differences have been observed in the volume, the surface, and the structural connectivity of the brain, but also in metabolic activity and magnetoencephalography measurements during task execution and at rest. Nevertheless, it is important to note the heterogeneity of the results, which may come from differences in methodology (e.g. sample characteristics, neuroimaging parameters), and also illustrates the complexity of the disorder, which itself is characterized by a high heterogeneity, in terms of aetiology, symptom presentation, and cognitive impairments. Further multimodal studies are necessary to explore the association between structure and function in ADHD, as well as longitudinal studies aiming at clarifying the potential normalization effects of age and medication. Developmental studies may shed light on the mechanisms explaining the evolution of the clinical presentation of ADHD across the lifespan. In addition, studies assessing the effects of ADHD medication on brain correlates are important to disentangle the brain correlates of the diagnosis from the neural consequences of medication intake, and are necessary in order to exclude potential deleterious effects of stimulant intake on brain plasticity in the shortterm and long-term. Researchers have intended to use neuroimaging techniques to identify a biomarker, which could serve as an objective diagnostic tool for ADHD. Nevertheless, the results are inconclusive and the diagnosis of ADHD still needs to be established primarily through thorough clinical assessment.
RESUMEN NEUROIMAGEN ESTRUCTURAL Y FUNCIONAL EN TRASTORNO POR D EFICIT DE ATENCI ON E HIPERACTIVIDAD (TDAH)
En la ultima d ecada se ha observado un incremento dram atico en el n umero de estudios de neuroimagen en Trastorno por d eficit de atenci on e hiperactividad (TDAH). En cuanto a estructura cerebral, tanto la resonancia magn etica cerebral (RMN), como imagen con tensor de difusi on han evidenciado diferencias en volumen, mediciones basadas en la superficie (grosor cortical, area de superficie y gyrificaci on) e integridad de la sustancia blanca en diferentes regiones cerebrales, en niños y adultos con TDAH comparado con la poblaci on general. Los hallazgos m as consistentemente demostrados en todos los estudios han sido anormalidades en los ganglios basales, en las estructuras prefrontales y en el cuerpo calloso. Mediciones hemodin amicas (RMN funcional, espectroscop ıa funcional cercana al infrarrojo, tomograf ıa con emisi on de positrones, tomograf ıa computada de emisi on mono fot onica) y mediciones magnetoencefalogr aficas tambi en han mostrado diferencias en actividad neural durante la ejecuci on de tareas neuropsicol ogicas y durante el reposo en muchas regiones del cerebro. Es importante destacar que estudios multimodales que combinan m etodos estructurales y funcionales han mostrado una Inter correlaci on entre las anomal ıas estructurales y funcionales en los TDAH. Se necesitan m as estudios longitudinales a fin de clarificar los efectos de la edad y la medicaci on sobre la estructura y funci on cerebral en individuos con TDAH.
RESUMO NEUROIMAGEM ESTRUTURAL E FUNCIONAL NO TRANSTORNO DO D EFICIT DE ATENC ßÃO E HIPERATIVIDADE (TDAH)
Na ultima d ecada, houve aumento dram atico no n umero de estudos de neuroimagem no transtorno do deficit de atenc ßão e hiperatividade (TDAH). Em termos de estrutura cerebral, a imagem por ressonância magn etica (IRM) e estudos de imagem por tensão difusora têm mostrado diferenc ßas no volume, medidas de superf ıcie (espessura cortical, area de superf ıcie, e girificac ßão), e integridade da mat eria branca em diferentes regiões cerebrais em crianc ßas e adultos com TDAH comparados com valores normativos populacionais. Anormalidades nos gânglios basais,estrutura pr e-frontais, e corpo caloso têm sido os achados mais consistentemente relatados nos estudos. Medidas hemodinâmicas (IRM funcional, espectroscopia funcional de infra-vermelho pr oximo, tomografia por emissão de p ositrons, tomografia computadorizada por emissão de f oton unico) e magnetoencefalogr aficas tamb em têm monstrado diferenc ßas na atividade neural durante a execuc ßão de tarefas neurofisiol ogicas e o repouso, em v arias regiões do c erebro.
E importante observar que estudos multimodais combinando m etodos estruturais e funcionais têm mostrado intercorrelac ßão entre anormalidades estruturais e funcionais em TDAH. Mais estudos longitudinais são necess arios para esclarecer os efeitos da idade e de medicac ßões sobre a estrutura e func ßão cerebral em indiv ıduos com TDAH.
